Syncytiotrophoblasts play an essential role in restriction of drug delivery through the blood-placenta barrier (BPB). Conditionally immortalized syncytiotrophoblast cell lines, TR-TBTs, were established at gestational day 18 from pregnant transgenic rats (Tg-rats) harboring the temperature-sensitive SV 40 (ts SV40) large T-antigen. TR-TBTs exhibit temperature-sensitive cell growth due to the expression of SV 40 large T-antigen, and thus the cell growth can be regulated by changing the culture temperature. TR-TBTs exhibit typical properties of syncytiotrophoblast cells, such as syncytium-like morphology, the expression of cytokeratins and hormones, and polarized expression of glucose transporter 1 (GLUT1) and GLUT3. TR-TBTs express in vivo influx and efflux transporters, such as taurine transporter (TauT), betaine/GABA transporter (BGT-1), amino acid transporter 2 (ATA2), organic anion transporting polypeptide 2 (oatp2), organic cation/carnitine transporter (OCTN2), P-glycoprotein (P-gp), and breast cancer resistance protein (BCRP/ABCG2). Moreover, TR-TBTs exhibit taurine, GABA, and DHEA-S uptake activity via TauT, BGT-1, and oatp2, respectively. Therefore, TR-TBTs can be used for the analysis of these functions and would be a good in vitro models for investigating carrier-mediated transport functions at the BPB.
INTRODUCTION
The placenta forms a selective barrier that functions to transport nutrients and fetal wastes in the appropriate directions. Syncytiotrophoblasts, which form the surface of the placental villi, play an essential role in restricting drug import through the blood-placenta barrier (BPB) to the fetus (Chart 1). The apical surface of the syncytiotrophoblast layer is the maternal-facing membrane, and makes direct contact with the maternal environment, while the basal side of the syncytiotrophoblast layer faces the fetal environment. Nutrient and waste transport across the syncytiotrophoblast layer is thought to be regulated by the polarized expression of transporters in the apical or basal membrane. 1) Indeed, polarized expression of transporters, such as P-glycoprotein (Pgp), multidrug resistance protein 2 (MRP2) and L-type amino acid transporter-1 (LAT1), has been reported at the plasma membranes on the maternal blood side in syncytiotrophoblast cells, and divalent metal transporter-1 (DMT-1), organic anion transporting polypeptide-B (OATP-B), and MRP1 are expressed at plasma membranes on the fetal blood side of syncytiotrophoblast cells. [2] [3] [4] [5] [6] It is anticipated that drugs in the maternal circulation will preferentially inhibit the transporters expressed on the apical membrane of syncytiotrophoblast layers compared with those of the basal membrane, and vice versa. Pregnancy is a dynamic state, and drugs have potential use for curing disorders of the mother or the fetus. According to surveys of drug use during pregnancy, fetuses are exposed to prescription and non-prescription drugs prenatally or perinatally. [7] [8] [9] [10] Therefore, analysis of the placental transport of drugs, nutrients, and fetal wastes is important in connection with normal fetal development and pregnancy.
In the BPB, many transporters play important roles during the development of the fetus and the fetal brain. Syncytiotrophoblasts express many nutrient transporters and regulate the transplacental movement of glucose, amino acids, fatty acids, and nucleosides.
11) However, the regulatory mechanisms governing the polarized expression of the transporters, and the interactions between the transporters and drugs are still poorly understood.
In vitro experiments using freshly isolated cells, primary cultured cells, and immortalized cell lines are very useful tools for elucidating those transporter functions, as well as the physiological and biological functions of the BPB. Immortalized cell lines are especially useful for the study of BPB functions, because it is difficult to collect large amounts of primary syncytiotrophoblast cells. In fact, human chorionic carcinoma cell lines, such as BeWo and JAR cells, have been mainly used for analysis of transporter activities and hormone secretion in the placenta 12) (Table 1) . However, it is difficult to extrapolate evidence obtained using these conventional cell lines to the in vivo situation. For example, results obtained with these conventional cell lines cannot be extrapolated to the second trimester. In addition, these cell lines lack the ability to incorporate endogenous substrates, such as dehydroepiandrosterone-3-sulfate (DHEA-S). 13) Since immortalized cell lines from animals can allow us to analyze the relationship between in vitro and in vivo results, they are useful tools for the study of the BPB.
However, the rodent placenta has not been used to study BPB functions, because the placental structures of human and rodent are different (Charts 1, 2). In the human placenta, cytotrophoblasts and syncytiotrophoblasts are found in villous and extravillous locations. Human syncytiotrophoblasts are not only capable of functioning as a transport barrier, they are also responsible for hormone production. In rats, the chorioallantoic placenta helps regulate the development of the fetus as gestation progresses. The morphology of the chorioallantoic placenta changes, and the placenta divides into functionally distinct junctional and labyrinth zones. The junctional zone is located at the maternal interface, while the labyrinth zone is located at the fetal interface. These two zones differ in function, the junctional zone being involved in endocrine and invasive functions, while the labyrinth zone forms the main transport barrier and controls maternal-tofetal transfer of nutrients. Syncytiotrophoblasts of the labyrinth zone regulate the transport of nutrients and waste across the placenta. The labyrinth zone consists of two syncytiotrophoblast layers, I and II, and a cytotrophoblast layer, forming a hemotrichorial placenta. 11, 14) Although, there are differences in the structure of the placenta in humans and rats, it has been reported that connexin 26 is localized in the gap junctions connecting syncytiotrophoblasts I and II 15, 16) (Chart 2). In connexin 26 deficient mice, it is reported that the uptake of glucose from mother to fetus was severely impaired and was apparently not sufficient to support the rapid organogenesis during gestation. 17) These reports indicate that connexin 26 in these layers makes them functionally a single syncytial layer for the transfer of small molecules such as glucose in the rat BPB. The rat may thus be a suitable model for analyzing the in vitro-in vivo correlation of BPB functions, if syncytiotrophoblast cell lines can be obtained. Therefore, immortalized cell lines from animals should be useful to investigate the relationship between in vitro and in vivo results.
Recently, transgenic rats and transgenic mice harboring the temperature-sensitive simian virus 40 (ts SV 40) large Tantigen (Tg-rat and Tg-mouse) have been developed as a source of conditionally immortalized cell lines. 18, 19) Several 85) (B) Schematic representation of the glucose transporter localization and glucose transport mechanism in the rat BPB. This figure is modified from Knipp G. T. et al. 11) conditionally immortalized cell lines such as rat and mouse brain capillary endothelial cell line (TR-BBB, TM-BBB), rat brain choroid plexus epithelial cell line (TR-CSFB), rat retinal capillary endothelial cell line (TR-iBRB), rat brain pericyte cell line (TR-PCT), and rat bone marrow derived endothelial cell line (TR-BME), have been developed from Tgrat and Tg-mouse. [20] [21] [22] [23] [24] [25] The ts SV 40 large T-antigen (T-Ag) gene is stably expressed in all tissues, and cultured cells can be easily immortalized by activation of the SV 40 large T-Ag at 33°C. The activated T-Ag is thought to induce cell proliferation by interacting with the retinoblastoma gene products (Rb) and p53, which normally regulate cell apoptosis, and inactivating the growth-suppressive function of these two proteins.
In this review, we will focus on the functions of the BPB, and on the characterization and transport functions of syncytiotrophoblast cell lines established from Tg rat placenta.
CONDITIONALLY IMMORTALIZED SYNCYTIO-TROPHOBLAST CELL LINES
Conditionally immortalized rat syncytiotrophoblast cell lines (TR-TBT 18d-1 and 18d-2) were established from Tg rats. 26) These cell lines express SV 40 large T-antigen with a molecular weight of 94 kDa and proliferate at 33°C (permissive temperature). The doubling times were 29 h for TR-TBT 18d-1, and 32 h for TR-TBT 18d-2. The cell growth of TRTBTs at 37°C (intermediate temperature) is slower than that at 33°C, because apoptosis is induced by an increase in free p53 protein liberated from the complex with T-Ag due to degradation. However, cell growth is resumed when the culture temperature is lowered to 33°C. Cell growth is regulated by T-Ag expression because the expression at 37°C is lower than that at 33°C (Fig. 1) . Therefore, these cell lines are referred to as conditionally immortalized, due to the expression and action of ts SV 40 T-Ag.
CHARACTERIZATION OF CONDITIONALLY IMMORTALIZED CELL LINES
TR-TBTs could be prepared as monolayers. Syncytiotrophoblasts are known to express cytokeratins, which are markers of epithelial cells, 27) and the TR-TBTs expressed cytokeratins. for studies of transepithelial transport in the placenta.
Rcho-1 Rat Choriocarcinoma This cell line is derived from rat placental It is not possible to study the BPB functions, 47) junctional region, and is a suitable for the because this cell line is derived from rat study of hormones.
placental junctional region.
HRP-1 Rat
Chorioepithelium This cell line is derived from rat placental The origin of this cell line which is 48) labyrinth region, and it is possible to extrapolate syncytiotrophoblast I or II, is unknown. evidence obtained using this cell line to the in vivo situation.
TR-TBTs Rat
Chorioepithelium These cell lines are derived from rat placental The establishment of three-dimensional culture 26) labyrinth region, and it is possible to extrapolate systems using TR-TBT 18d-1 and 18d-2 are evidence obtained using these cell lines to the required for the analysis of detailed BPB function. in vivo situation. Moreover, this is the first cell lines, which are derived from syncytiotrophoblast I and II, respectively. There are several types of trophoblast cells in rat placenta. Both the labyrinth and junctional zones consist of many types of trophoblast cells, such as trophoblast giant cells, spongiotrophoblasts, glycogen cells, and syncytiotrophoblast cells.
11) The syncytiotrophoblast cells from the labyrinth zones are generally accepted to be the main type of trophoblast cell that regulates the transport of nutrients and waste in the placenta.
11) Many transporters and hormones, such as fatty acid transport protein (FATP), glucose transporter 1 (GLUT1), ATA2, cationic amino acid transporter (CAT1), and placental lactogen II (PL-II), are expressed in the junctional and labyrinth zones, and GLUT3 is expressed specifically in the labyrinth zone.
5,14-16,28-31) TR-TBTs also express trophoblast transporters and hormones, such as FATP, neonatal Fc receptor (FcRn), GLUT1, GLUT3, multidrug resistance 1a (mdr1a), ATA2, CAT1, and PL-II (Fig. 2) . On the other hand, the expression of prolactin like protein-A (PLP-A), which is known to be expressed specifically in the junctional zone, 32) was not found in TR-TBTs (Fig. 2) . These data suggest that TR-TBTs are derived from syncytiotrophoblasts of the labyrinth zone in rat placenta and would be suitable for the analysis of BPB functions.
GLUT3 was predominantly localized on the apical side of TR-TBT 18d-1 and 18d-2, and GLUT1 was localized on the apical side of TR-TBT 18d-1 and the basal side of TR-TBT 18d-2 (Fig. 3) . In the labyrinth zones, GLUT3 is specifically localized on the apical side of syncytiotrophoblast I and II, and GLUT1 is specifically localized on the apical side of syncytiotrophoblast I and on the basal side of syncytiotrophoblast II. [14] [15] [16] These data indicate that TR-TBT 18d-1 is derived from syncytiotrophoblast I, while TR-TBT 18d-2 is derived from syncytiotrophoblast II.
ADVANTAGES OF CONDITIONALLY IMMORTALIZED SYNCYTIOTROPHOBLAST CELL LINES
We have identified the expression and localization of several transporters in the BPB, as summarized in Table 2 . The BPB transporters play roles in nutrient and waste transport and efflux of xenobiotics. TR-TBTs express mRNAs of many transporters (Table 2) , including amino acid, neurotransmitter, organic anion and cation, and xenobiotic efflux transporters. Moreover, TR-TBTs exhibit taurine, GABA, and DHEA-S uptake activity via TauT, BGT-1, and oatp2, respectively. DHEA-S uptake activity in trophoblast cells is especially important for estrogen synthesis in the placenta, because estrogen synthesis of trophoblast cells depends on the supply of precursors such as DHEA-S via maternal and fetal blood.
33) DHEA-S is produced in the fetal adrenal glands and is incorporated by syncytiotrophoblast cells. 34, 35) However, these cell lines lack the ability to incorporate DHEA-S. 13) TR-TBTs incorporated DHEA-S according to the timecourse illustrated, and DHEA-S uptake on the basal side was significantly higher than that on the apical side (Fig. 4) . DHEA-S uptake is localized on the basal side (fetal side), governing the supply of DHEA-S from fetus to placenta, as well as the synthesis of estrogen. Therefore, TR-TBTs established from Tg-rats retain some in vivo transport functions, and may be useful tools for the study of BPB functions.
To know the localization of transporters in BPB is important for safe medication in pregnancy. Moreover, it is also important to analyze the mechanism for sorting transporters to apical/basal membranes in the BPB. However, the localizations of many transporters in the BPB are unknown, except for P-gp, MRP1, MRP2, and serotonin transporter (SERT) ( Table 2 ). Further, the mechanism for sorting transporters to the apical/basal membranes remains unclear. TRTBTs are syncytiotrophoblast cell lines having the characteristic GLUT1 and GLUT3 localization. Thus, TR-TBTs might be useful for the study of transporter sorting in the future. Recently, some transporter-deficient mice have been reported, such as TauT, P-gp, and BCRP/ABCG2. [36] [37] [38] P-gpdeficient mice show susceptibility to cleft palate in fetal life, so P-gp seems to have an important role in protecting the fetus from potential teratogens. P-gp inhibitors should be carefully evaluated for their potential to increase susceptibility to chemical-induced teratogenesis. 37) Since TauT and BCRP/ABCG2 gene-deficient mice show no specific embryonic lethality in the mutants, other transporters may play a key role as compensatory taurine transporters in the BPB. However, the functions and contributions of other transporters at the BPB have not been clarified. TR-TBTs can be used for the characterization of these transporters' functions, and identification of transporter gene expression in the BPB.
In pregnancy, maternal-fetal circulation is influenced by many stresses, such as oxidative stress and hyperosmolarity stress. 39) In diabetic pregnancy, hyperosmolarity reduces growth of the placenta. 40) It is reported that under hypertonic conditions, several transporters, such as TauT, ATA2, and BGT-1, undergo up-regulation. 41, 42) However, the role of these transporters in regulation of osmolarity in the placental circulation is unknown. TR-TBTs would be suitable for the analysis of these transporter regulation systems. In fact, TauT mRNA and taurine uptakes in TR-TBTs undergo up-regulation under hypertonic conditions. Therefore, these cell lines may be useful as in vitro models, because it is possible to investigate the relationship between TR-TBTs and animal models.
CONCLUSIONS
Conditionally immortalized syncytiotrophoblast cell lines, TR-TBTs, have been established from pregnant Tg-rats. The cell growth of TR-TBTs can be regulated by changing the culture temperature. TR-TBTs exhibit typical properties of syncytiotrophoblast cells, such as syncytium-like morphology, the expression of cytokeratins and many transporters and hormones, and polarized expression of GLUT1 and GLUT3. TR-TBTs exhibit taurine, GABA, and DHEA-S uptake activity via TauT, BGT-1, and oatp2, respectively. In the BPB, several transporters have been identified for nutrients uptake and xenobiotics efflux. However, the functions of the BPB and the roles of these transporters in the maintenance of pregnancy have not been fully clarified. In order to ensure safe medication for pregnant women, it is necessary to understand the BPB at the cellular level, and to know what transporters and functions are operating. TR-TBTs can be used for the analysis of these functions and would be good in vitro models for investigating carrier-mediated transport functions at the BPB. 
